T
HE effects of incisional injury on the sensory system have been studied to better understand postoperative pain. Incisions activate and sensitize nociceptors and nociceptive dorsal horn neurons associated with pain-related behaviors and exaggerated responses to various stimuli (hyperalgesia). [1] [2] [3] [4] [5] [6] [7] The effects of incisional injury on the motor system have not been evaluated despite its clinical relevance.
One important clinically relevant example of impaired motor function after surgery is reduced diaphragmatic function after upper abdominal surgery. [8] [9] [10] [11] [12] [13] Such impairment contributes to adverse postoperative pulmonary complications, which include atelectasis, pneumonia, increased requirement of supplemental oxygen, and the need for mechanical ventilation. Currently, the mechanisms responsible for this inhibitory response remain largely unknown. While several possible factors have been suggested as contributing to reduced diaphragmatic function after surgery, previous studies indicate that neither pain nor the impairment of diaphragmatic contractile properties is likely to be the major causes of postoperative diaphragmatic dysfunction. 10, 11, 14 Instead, injury-induced reflex inhibition of phrenic motor neuron drive has been hypothesized to be a major factor. [11] [12] [13] [14] Inhibition of phrenic motor output after upper abdominal surgery has been supported only by indirect evidence. [11] [12] [13] [14] In this study, we directly recorded efferent phrenic nerve activity
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What We Already Know about This Topic to determine the effect of upper abdominal incision on the phrenic motor output. To further evaluate this model's validity and relevance to human pathophysiology, we examined the effect of upper abdominal incision on ventilatory parameters in awake, unrestrained rats using whole-body plethysmography. Finally, we determined the effect of thoracic epidural anesthesia on the efferent phrenic nerve activity and the ventilatory parameters after the upper abdominal incision.
Materials and Methods

Animals
All experimental procedures were approved by The University of Iowa Animal Care and Use Committee (Iowa City, Iowa). The animals were treated in accordance with the Guide for the Care and Use of Laboratory Animals by National Institutes of Health.
One hundred and twenty-six adult male and female Sprague-Dawley rats (250 to 300 g; Harlan, USA) were used. Rats were housed in groups of two in clear plastic cages unless stated otherwise, in temperature controlled (23 ± 2°C) rooms with a 12-h light-dark cycle. Food and water were available ad libitum.
Upper Abdominal Incision
Anesthesia was induced by placing the animal in a sealed plastic box with 5% isoflurane mixed with air. Then anesthesia was maintained at 1.5 to 2% isoflurane in air using a precision vaporizer (Midmark, USA), delivered via a nose cone. After induction of anesthesia, ketoprofen (Fort Dodge Animal Health, USA) was administered subcutaneously (5 mg/ kg). The skin of the abdomen was shaved and prepared with povidone-iodine. Beginning from the costal margin, approximately 1 cm left of the midline, a 3-cm paramedian, vertical incision was made with #11 blade through the abdominal skin, muscle and fascia layers, and peritoneum. The incision was retracted laterally for 45 min using a self-retaining retractor. During the retraction period, the surgical field was covered with an occlusive self-adhering plastic drape to minimize heat and fluid loss. Then the wound was irrigated with warm sterile saline. After hemostasis with gentle pressure, the peritoneum and muscle layer was sutured separately using 4-0 Monocryl (Ethicon Inc., USA). Skin was closed with surgical skin staples. Throughout the surgery, rectal temperature was maintained at 37 ± 1°C using a heating pad. Shamoperated animals underwent the same duration of anesthesia, shaving, and skin preparation. After the abdominal incision or sham procedure, animals were allowed to recover in their cages. Twenty-four hours after the abdominal incision, the animals received another subcutaneous dose of ketoprofen (5 mg/kg). The skin staples were removed under isoflurane anesthesia at the end of the postoperative day 8.
Gastrocnemius Incision
Gastrocnemius incision was performed under isoflurane-anesthesia using a method similar to that described previously, 15, 16 with some modifications. Briefly, subcutaneous ketoprofen (5 mg/kg) was administered after induction of anesthesia. After sterile preparation of the right posterior hindlimb, a 3-cm longitudinal incision was made through the skin, underlying fascia, and the gastrocnemius muscle with a no. 11 blade. The muscle origin and insertion remained intact. Grasping forceps were then inserted through the incision into one head of the gastrocnemius muscle to divide and retract the muscle. Then the incision was retracted laterally for 45 min using a self-retaining retractor. After hemostasis with gentle pressure, incised muscle was sutured using 4-0 Monocryl (Ethicon Inc.). Skin was closed with surgical skin staples. The animals received another dose of subcutaneous ketoprofen (5 mg/ kg) 24 h after the gastrocnemius incision.
Phrenic Nerve Recording
Anesthesia was induced by placing the animal in a sealed plastic box with 5% isoflurane mixed with air, and maintained with 1.5 to 2% isoflurane in 50% oxygen in nitrogen delivered via a nose cone. The rats were placed in a supine position, and the ventral side of the neck was shaved and prepared with povidone-iodine. Once a tracheostomy was performed via a midline incision on the ventral surface of the neck, rats were mechanically ventilated with 50% oxygen in nitrogen for the remainder of the experiment, using a small animal ventilator (Inspira Advanced Safety Ventilator; Harvard Apparatus, USA). End-tidal carbon dioxide partial pressure was continuously monitored using a micro-sampling carbon dioxide analyzer (MicroCapStar carbon dioxide Analyzer; CWE Inc., USA), and maintained between 38 and 42 mmHg throughout the experiment by modifying the ventilator settings. The vagus nerves were isolated and sectioned bilaterally in the midcervical region to prevent entrainment of respiratory output with the ventilator. The external jugular vein was cannulated with PE-50 polyethylene tubing (Intramedic; BD, USA) for IV administration of drugs. Once IV access was obtained, rats were slowly converted to urethane anesthesia. Urethane (Sigma-Aldrich, USA) was freshly prepared for each experiment, by dissolving urethane crystals in saline to yield a final concentration of 20% (w/v). The isoflurane level was gradually decreased and then turned off, while a loading dose of urethane (1.6 g/kg; IV) was administered over a 20-min period. The adequacy of anesthesia was confirmed by a lack of withdrawal response or cardiorespiratory response to toe pinch, and supplemental boluses of urethane (0.1 g/kg) were administered as necessary. After the loading dose of urethane, anesthesia was maintained by an IV infusion of urethane (50 mg ⋅ kg
). The common carotid artery was cannulated with PE-50 polyethylene tubing for continuous monitoring of the blood pressure. Throughout the experiment, mean arterial blood pressure was maintained above 90 mmHg. Rectal temperature was measured and maintained at 37 ± 1°C using a servo-controlled heating pad and a radiant heat lamp. Both arterial and venous cannulations were PAIN MEdICINE performed on the side opposite to the phrenic nerve that was going to be recorded.
The phrenic nerve was isolated unilaterally within the caudal neck region using a ventral approach, cut distally, and desheathed. The isolated phrenic nerve was then placed on a bipolar platinum/iridium hook electrode (100 μm diameter; FHC, USA) and submerged in mineral oil. Once the phrenic nerve isolation was completed, the adequacy of anesthesia was reconfirmed, and then animals were paralyzed with rocuronium bromide (2.5 mg/kg; IV; Novaplus; Vizient, USA) to minimize unsynchronized spontaneous respiratory efforts and to avoid motion artifacts during neural recording. After onset of paralysis, the adequacy of anesthesia was periodically monitored by observing blood pressure and phrenic responses to toe pinch. Efferent phrenic nerve activity was recorded at least 1 h after conversion to urethane anesthesia to allow stabilization of blood pressure and phrenic nerve activity. The animals were euthanized at the conclusion of the experiment.
Data were analyzed offline by an individual blind to the group assignment. Neural signals were amplified (1,000 to 10,000×), and band-pass filtered (100 to 10,000 Hz) by a differential amplifier (DAM50, Harvard Apparatus). The analog outputs were connected to a data sampling system (Power1401 mk2; CED, United Kingdom) and analyzed by a signal analysis program (Spike 2; CED). Efferent phrenic nerve activity was quantified from the moving average of the rectified phrenic neurograms. The following parameters were measured: spike frequency area-under-the-curve, integrated phrenic neurogram area-under-the-curve, central respiratory rate (respiratory cycles/minute), and inspiratory-toexpiratory duration ratio ( fig. 1 ). For the spike frequency and integrated phrenic neurogram, both the area-under-thecurve/respiratory cycle and the area-under-the-curve/minute were analyzed. These variables were averaged over a 10-min recording period.
Whole-body Plethysmography
Ventilatory parameters were measured in unanesthetized and unrestrained rats while breathing room air, using a commercially available whole-body plethysmography system (Buxco; DSI, USA). Rats were acclimated to the testing environment for at least 3 days before testing. On the second day of acclimation, a temperature transponder (IPTT-300; Bio Medic The digitalized raw signals (top) were rectified and the integrated by constructing the integrated phrenic neurogram (∫Phr) with a 100-ms time constant (middle). The phrenic spike frequency curve was constructed by averaging discharge frequency per 100-ms period (bottom). Inspiratory duration (T I ) was defined as the duration of burst activity on the phrenic spike frequency curve, and expiratory duration (T E ) was defined as the period between the end of inspiration and the onset of the subsequent burst. Therefore, the duration of each respiratory cycle was determined by calculating the sum of T I and T E . The following parameters were measured: spike frequency area-under-the-curve (AUC), ∫Phr AUC, central respiratory rate (respiratory cycles/minute), and inspiratory-to-expiratory duration ratio (T I :T E ).
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Data Systems, USA) was inserted subcutaneously between the shoulder blades under isoflurane anesthesia. By using these implantable microchip transponders and a wireless scanner (DAS-7009; Bio Medic Data Systems), body temperature could be measured on freely moving animals without disturbing them. Before each measurement, the plethysmography system was calibrated according to the manufacturer's instructions. The rat was placed in a Plexiglas recording chamber (20-cm diameter; 3.9-l volume), and allowed to settle for 10 min, followed by a 30-min measurement period during which data were captured in the software database (FinePointe; DSI). Animals were closely observed during the measurement period, and the data collected during quiet wakefulness, indicated by open eyes with no body movement, were included in the further analysis. Throughout the experiment, the chamber was ventilated by a continuous outflow and inflow of air (2.5 l/min, respectively) using a bias flow regulator (Buxco, DSI), to prevent unwanted carbon dioxide or temperature buildup inside the recording chamber. Oxygen and carbon dioxide levels in the chamber outflow were continuously measured using a gas analyzer (GE Healthcare Datex-Ohmeda, USA). Temperature and humidity inside the Plexiglas recording chamber were measured continuously, and the temperature was controlled with maximal fluctuation less than 1°C using a heat lamp. Body temperature was wirelessly measured as mentioned above, immediately before and after the recording session. The chamber temperature, chamber humidity, body temperature, and body weight were entered into the software to calculate ventilatory parameters using the Drorbaugh and Fenn equation. 17 Raw data were analyzed offline by an individual blind to the group assignment. All data segments greater than 10 s in duration not containing sighs, coughs, sniffing, or movement artifacts were selected and averaged from the ventilatory data collected during the quiet awake state. The measured parameters included breathing frequency, tidal volume, minute ventilation, inspiratory time, expiratory time, and expiratory flow at 50% expired volume. Minute ventilation and tidal volume values were normalized for body weight.
Epidural Catheterization
The epidural catheter construction was modified from previous studies. 18, 19 The epidural catheter was made of a 2-cm segment of the 32-gauge polyurethane catheter (OD 0.272 mm; ID 0.127 mm; ReCathCo, USA) that was heatwelded to a 13-cm piece of PE-10 polyethylene tubing (OD 0.61mm; ID 0.28 mm; Intramedic). The dead space of the assembled catheter was 9.5 to 9.9 µl. The catheters were prepared and sterilized before insertion.
In anesthetized rats, the dorsal thoracolumbar region was shaved, made kyphotic, and sterilized with povidone-iodine. A 2-cm longitudinal, midline incision was made at the level of T13 and L1 spinous processes. The paraspinal musculature and fascia were dissected and retracted to expose the supraspinous ligament, which was carefully cut. The spinous processes of T13 and L1 were removed to facilitate epidural catheter insertion. The 32-gauge polyurethane catheter portion, reinforced with a polytetrafluoroethylene-coated stainless steel stylet (75-μm diameter; ReCathCo), was introduced into the epidural space through a small hole drilled between T13 and L1 intervertebral space using an electric drill. To place its tip around T9 and T10 level, the epidural catheter was gently inserted 2 cm toward the cephalad direction with the aid of a dissecting microscope, and the stylet was withdrawn. The catheter was then fixed to the T13 vertebral body, and sutured to the fascia. The catheter was tunneled under the skin, and 3 cm of the distal end was exteriorized at the posterior cervical region. The catheter was lushed with phosphate-buffered saline (Gibco, USA) and sealed using heat. All incisions were sutured and the animals were allowed to recover from the procedure for at least 2 or 3 days before the experiment. Following insertion of the epidural catheter, rats were singly housed in individual cages to minimize potential catheter dislodgement or damage to the external portion of the catheter by the cage mate.
Experimental Protocols
In order to avoid the effect of circadian rhythm, phrenic recording experiments ( fig. 2) were performed between 10 AM and 2 PM, and whole-body plethysmography experiments were performed between noon and 2 PM. Protocol A: The short-term effect of upper abdominal incision versus sham incision on efferent phrenic nerve activity, measured 1 h after the incision. Under urethane anesthesia, the phrenic nerve was isolated as described in the "Phrenic Nerve Recording" section, and baseline efferent phrenic nerve activity was recorded. Immediately after the baseline recording, the rats underwent upper abdominal incision or sham incision. Phrenic nerve activity was recorded 1 h after completion of the incision. Rats were randomly assigned to one of the following three groups: (1) in the Ipsilateral group, the left phrenic nerve, which was ipsilateral to the abdominal incision, was recorded; (2) in the Contralateral group, the right phrenic nerve, which was contralateral to the abdominal incision, was recorded; (3) in the Sham group, the left phrenic nerve was recorded and the animals underwent the sham incision. Protocol B: Efferent phrenic nerve activity measured 1 day or 10 days after the upper abdominal incision. Rats were randomly assigned to three groups, and underwent upper abdominal incision or sham incision. Efferent nerve activity was recorded from the left phrenic nerve 1 day after the abdominal incision (Postoperative Day 1 group), 10 days after the abdominal incision (Postoperative Day 10 group), or 1 day after the sham incision (Sham group). Protocol C: The effect of upper abdominal incision (Incision group) versus sham incision (Sham group) on ventilatory parameters. Ventilatory parameters were measured using the whole-body plethysmography system as described above. Rats were randomly assigned to two groups. Using Experimental protocols for the in vivo efferent phrenic nerve recording and whole-body plethysmography. For Protocols A, B, and D, efferent phrenic nerve activity was recorded in the urethane-anesthetized, vagotomized, paralyzed, and mechanically ventilated rats, using a bipolar hook electrode. The inset in the top left corner shows a schematic diagram of the preparation. In Protocol A, efferent phrenic nerve activity was recorded before and 1 h after the upper abdominal incision or sham incision. In the Ipsilateral group, the phrenic nerves on the same side of the incision were recorded, and in the Contralateral group, the phrenic nerves on the opposite side were recorded. In Protocol B, phrenic nerve activity was recorded 1 day or 10 days after the upper abdominal incision, and was compared to the sham incision group. In Protocol D, the effect of epidural bupivacaine or phosphatebuffered saline administered before incision on the phrenic nerve activity was evaluated. The nerve activity was recorded before and after the upper abdominal incision. For Protocols C and E, ventilatory parameters in the unanesthetized and unrestrained rats were measured using a whole-body plethysmography system. In Protocol C, the measurements were performed before, and at multiple time points after, the upper abdominal incision or sham incision. In Protocol E, the effect of epidural bupivacaine or phosphate-buffered saline (PBS) administered 1 day after the incision on ventilatory parameters was evaluated. More detailed description of the experimental protocols can be found in the Materials and Methods section. PO 1 h, 1 h postoperatively; PO 4 h, 4 h postoperatively; POD, postoperative day; Post-Epidural, Post-epidural injection; Postop, postoperative period. Chae et al.
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a repeated-measure design, rats were studied 1 day before (baseline), and 4 h, 1, 2, 4, 7, and 10 days after the upper abdominal incision or sham incision.
In separate groups of animals, ventilatory parameters were measured after the gastrocnemius incision using the wholebody plethysmography system. This protocol was performed as a control experiment to aid in distinguishing the abdominal incision-specific changes in ventilatory parameters from non-specific or systemic effects of the incisions. Rats were randomly assigned to two groups. Using a repeated-measure design, rats were studied 1 day before (baseline), and 4 h and 1 day after the gastrocnemius incision or sham incision. Protocol D: The effect of epidural bupivacaine (Bupivacaine group) versus phosphate-buffered saline (Phosphate-buffered Saline group) on efferent phrenic nerve activity before and after the upper abdominal incision. In this protocol, thoracic epidural anesthesia using bupivacaine was used to block the afferent signals from upper abdomen. Rats were randomly assigned to two groups. Rats underwent epidural catheterization. After 2 or 3 days, the animals were prepared for the recording of the left phrenic nerve and baseline activity was recorded. Then 40 μl of 0.5% bupivacaine (Hospira, USA) was injected via the epidural catheter, followed by continuous infusion at a rate of 15 μl/h. This initial bolus volume was selected based on our preliminary study indicating that 40 μl of methylene blue dye injected into the epidural catheter achieved the median cephalad and caudad spread to T4 and T13 levels, respectively. The control group received an epidural bolus followed by infusion of phosphate-buffered saline. Ten minutes after completion of the epidural bolus, post-epidural, pre-incision phrenic nerve activity was recorded. Then rats underwent upper abdominal incision, and phrenic nerve activity was recorded 1 h after completion of the incision. At the end of the protocol, rats were euthanized, and the catheter position was verified by injection of methylene blue dye followed by spinal dissection. Protocol E: The effect of epidural bupivacaine (Bupivacaine group) versus phosphate-buffered saline (Phosphatebuffered Saline group) on ventilatory parameters after the upper abdominal incision. In this protocol, thoracic epidural anesthesia using bupivacaine was used to block the afferent signals from upper abdominal incision. Rats underwent epidural catheterization. Baseline ventilatory parameters were recorded with the whole-body plethysmography system 3 days after placement of epidural catheter. Animals underwent upper abdominal incision on the same day of the baseline measurement. On postoperative day 1, 40 μl of 0.5% bupivacaine or phosphate-buffered saline was injected via the epidural catheter. The person performing the test was blind to drug injected. Five minutes after completion of the epidural injection, the rat was placed into the recording chamber of the whole-body plethysmography system. The rat was then allowed to acclimate for 10 min inside the chamber and ventilatory parameters were recorded for 30 min. At the end of the protocol, rats were euthanized, and the catheter position was verified by injection of methylene blue dye followed by spinal dissection.
Statistics
Based on our experience in the preliminary studies, we collected data from seven to ten animals per group. No a priori statistical power calculation was conducted. All data sets were tested for normality of distribution by Kolmogorov Smirnov tests. When the repeated-measure designs were used, two-way ANOVA with repeated measures on one factor was used to analyze the phrenic nerve activity (Protocols A and D) and ventilatory parameters (Protocols C and E); significant main effects or interactions were followed by Sidak's post hoc multiple comparison tests. Comparisons of the phrenic nerve activity among postoperative day 1, postoperative day 10, and the sham incision groups (Protocol B) were made by Kruskal-Wallis test followed by post hoc Dunn's multiple comparison tests. For Protocols A, C, D, and E, data were normalized to baseline for each parameter. Data are presented as the mean ± SD or median with interquartile range. Subgroup analyses by sex were performed using Friedman test or Kruskal-Wallis test followed by post hoc Dunn's tests. P < 0.05 was considered significant. Statistical analyses were performed using Prism 5.04 (Graphpad Software, Inc., USA).
Results
A total of 126 rats were used in this study, and 38 of these animals underwent epidural catheterization. One hundred and twelve animals were included in the final data analysis; 63 rats were used for the phrenic nerve recording, and 49 rats for the whole-body plethysmography experiments. Fourteen rats were excluded from the study due to the following reasons: unexpected death during surgery or phrenic nerve recording (five rats), neurologic deficit after epidural catheter placement (one rat), improper epidural catheter position (e.g., intrathecal or intramuscular; five rats), or technical problems with the phrenic nerve recording (three rats). In the current study, no diagnostic tools were used to specifically detect any signs of pulmonary complications. However, the animals' general well-being and behavior were evaluated through daily monitoring, and none of the animals exhibited any signs of stress or illness after the upper abdominal incision throughout the experimental period.
Protocol A: The Short-term Effect of Upper Abdominal Incision versus Sham Incision on Efferent Phrenic Nerve Activity
For the spike frequency area-under-the-curve/respiratory cycle ( fig. 3A) , the Ipsilateral (P < 0.0001) and the Contralateral groups (P = 0.0002), but not the Sham group (P = 0.8628), showed a significant difference between before and 1 h after the incision. The baseline-normalized spike frequency area-under-the-curve/respiratory cycle values of the Ipsilateral and the Contralateral groups were significantly lower compared with the Sham group (P < 0.0001 and P = 0.0002, respectively).
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As shown in figure 3B , there was a significant decrease in the spike frequency area-under-the-curve/minute from baseline after the ipsilateral (P < 0.0001) and contralateral incision (P < 0.0001), but not after the sham incision (P > 0.9999). The baseline-normalized spike frequency areaunder-the-curve/minute values of the Ipsilateral and the Contralateral groups were significantly lower than that of the Sham group (P < 0.0001 and P < 0.0001, respectively).
Integrated phrenic neurogram area-under-the-curve/respiratory cycle after the incision was significantly lower compared with baseline in the Ipsilateral group (P = 0.0023), but not in the Contralateral (P = 0.2858) and the Sham groups (P = 0.7982; fig. 3C ). For the integrated phrenic neurogram area-under-the-curve/minute ( fig. 3D ), there were significant differences between before and after the incision in the Ipsilateral (P < 0.0001) and the Contralateral groups (P < 0.0001), but not in the Sham group (P = 0.8203). Baseline-normalized integrated phrenic neurogram area-under-the-curve/minute values of the Ipsilateral and the Contralateral groups were significantly lower compared with the Sham group (P < 0.0001 and P < 0.0001, respectively).
For central respiratory rate ( fig. 3E ), there was a significant difference between before and after the incision in the Contralateral group (P = 0.0006). The baseline-normalized , central respiratory rate (E), and inspiratory-to-expiratory duration ratio (T I :T E ; F) significantly decreased compared with baseline. The Ipsilateral (n = 7) and the Contralateral group (n = 7) respectively represent nerve activity recorded from the phrenic nerves on the same side and the opposite side of the abdominal incision. The control group underwent the sham incision (Sham group, n = 8). Data are presented as mean ± SD. **P < 0.01; ***P < 0.001; ****P < 0.0001 versus Baseline, and † †P < 0.01; † † †P < 0.001; † † † †P < 0.0001 versus Sham by two-way ANOVA with repeated measured in one factor, followed by Sidak's multiple comparison tests. Chae et al.
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respiratory rate values of the Ipsilateral and the Contralateral groups were significantly lower compared with the Sham group (P = 0.0048 and P < 0.0001, respectively)
There was a significant decrease in inspiratory-to-expiratory duration ratio from baseline after the ipsilateral (P < 0.0001) and contralateral incision (P < 0.0001), but not after the sham incision (P = 0.9155; fig. 3F ). The baseline-normalized inspiratory-to-expiratory duration ratio values of the Ipsilateral and the Contralateral groups were significantly lower than the Sham group (P < 0.0001 and P < 0.0001, respectively).
In summary, 1 h after ipsilateral or contralateral upper abdominal incision, phrenic motor output was reduced by approximately 40%. This was based on spike frequency area-under-the-curve, integrated phrenic neurogram areaunder-the-curve, central respiratory rate, and inspiratoryto-expiratory duration ratio. Sham incision had no effect on these parameters. Raw (nonnormalized) data for each parameter are provided in Supplemental Digital Content 1, http://links.lww.com/ALN/B740.
Protocol B: Efferent Phrenic Nerve Activity Measured 1 or 10 Days after the Upper Abdominal Incision
Recording data from the Postoperative Day 1, Postoperative Day 10, and the Sham groups were compared. The median spike frequency area-under-the-curve/respiratory cycle of the Postoperative Day 1 group was significantly lower than that of the Sham group (P = 0.0184); on the other hand, there was no statistical difference between the Postoperative Day 10 and the Sham groups (P = 0.5409; fig. 4A ). The median spike frequency areaunder-the-curve/minute of the Postoperative Day 1 group, but not the Postoperative Day 10 group, was lower than the Sham group (P = 0.0031 and P > 0.9999, respectively; fig. 4B ).
As shown in figure 4C , the median integrated phrenic neurogram area-under-the-curve/respiratory cycle of the Postoperative Day 1 group was significantly lower than that of the Sham group (P = 0.0360) or the Postoperative Day 10 group (P = 0.0195); there was no difference between the Postoperative Day 10 and the Sham groups (P > 0.9999). Similarly, the median integrated phrenic neurogram fig. 4D ).
The median central respiratory rate of the Postoperative Day 1 group, but not the Postoperative Day 10 group, was significantly lower than that of the Sham group (P = 0.0460 and P > 0.9999, respectively; fig. 4E ).
The median inspiratory-to-expiratory duration ratio of the Postoperative Day 1 group was significantly lower than that of the Sham group (vs. P = 0.0023) or the Postoperative Day 10 group (P = 0.0268); there was no difference between the median inspiratory-to-expiratory duration ratio of the Postoperative Day 10 and the Sham groups (P > 0.9999; fig. 4F ).
In summary, 1 day after upper abdominal incision, phrenic motor output remained reduced, similar to that observed 1 h after incision. This was based on spike frequency area-underthe-curve, integrated phrenic neurogram area-under-thecurve, central respiratory rate, and inspiratory-to-expiratory duration ratio. Phrenic nerve activity recorded 10 days after upper abdominal incision was not different compared with the Sham group demonstrating recovery.
Protocol C: The Effect of Upper Abdominal Incision versus Sham Incision on Ventilatory Parameters
The example traces in figure 5A show the recordings of two rats: one from the Sham group (left) and one from the Incision group (right).
The mean minute ventilation values on postoperative days 0 through 10 were significantly lower than baseline in the Incision group (postoperative day 0: P = 0.0024; postoperative day 1: P = 0.0035; postoperative day 2: P = 0.0280; postoperative day 4: P = 0.0079; postoperative day 7: P = 0.0105; postoperative day 10: P = 0.0023), but not in the Sham group (fig. 5B ). The baseline-normalized minute ventilation value of the Incision group was significantly lower than that of the Sham group on postoperative day 0 (P = 0.0037).
For breathing frequency ( fig. 5C ), the mean values of the Incision group on postoperative days 0 through 10 were significantly lower compared with baseline (postoperative day 0: P < 0.0001; postoperative day 1: P < 0.0001; postoperative day 2: P = 0.0108; postoperative day 4: P = 0.0037; postoperative day 7: P = 0.0004; postoperative day 10: P = 0.0042); the mean values of the Incision group were significantly lower than those of the Sham group on postoperative days 0, 1, and 7 (P < 0.0001, P = 0.0004 and P = 0.0337, respectively).
There was no significant main effect or interaction for tidal volume (fig. 5D ). The mean inspiratory-to-expiratory time ratio values of the Incision group, but not the Sham group, were significantly lower compared with baseline, on postoperative days 0 through 7 (postoperative day 0: P < 0.0001; postoperative day 1: P < 0.0001; postoperative day 4: P = 0.0060; postoperative day 7: P = 0.0011; fig. 5E ).
The mean values of the Incision group were significantly lower than those of the Sham group on postoperative days 0 through 7 (postoperative day 0: P < 0.0001; postoperative day 1: P = 0.0001; postoperative day 4: P = 0.0014; postoperative day 7: P = 0.0273).
The mean expiratory flow at 50% expired volume of the Incision group ( fig. 5F ) was significantly lower than that of the Sham group on postoperative day 0 (P = 0.0131).
Since minute ventilation and tidal volume values were normalized for body weight, we also analyzed body weight throughout the testing period ( fig. 5G ). There were significant main effects of time (P < 0.0001) without any significant main effect of group or interaction. The post hoc tests indicated that body weight values on postoperative days 0 through 10 were significantly greater compared with baseline in both the Incision and Sham groups. These data indicated that the Incision and Sham groups exhibited similar weight gain throughout the testing period, demonstrating that the differences found between the Incision and Sham groups in minute ventilation data ( fig. 5B) were unlikely due to different weight gain profiles between the groups.
In summary, several ventilator parameters decreased to approximately 80% of baseline after upper abdominal incision and there were no changes in the Sham group. This was based on minute ventilation, breathing frequency, and inspiratory-to-expiratory time ratio. In general, recovery was evident by postoperative day 10. Thus, phrenic motor neuron output data are in general agreement with the wholebody plethysmography measurements with marked effects on postoperative days 0 and 1 and recovery by postoperative day 10. Raw (nonnormalized) data for each parameter are provided in Supplemental Digital Content 2, http://links. lww.com/ALN/B741. Four hours after the gastrocnemius incision (postoperative day 0), the mean values of minute ventilation and expiratory flow at 50% expired volume of the Gastrocnemius Incision group were significantly greater than those of the Sham group (P = 0.0259 and P = 0.0392, respectively; fig. 6 ). No significant difference in these parameters was observed on postoperative day 1. Breathing frequency, tidal volume, and inspiratory-to-expiratory time values of the Gastrocnemius Incision group were not different compared with the Sham group throughout the experimental period.
Protocol D: The Effect of Epidural Bupivacaine versus Phosphate-buffered Saline on Efferent Phrenic Nerve Activity before and after the Upper Abdominal Incision
The mean spike frequency area-under-the-curve /respiratory cycle ( fig. 7A ) was significantly lower than baseline in the Phosphate-buffered Saline group 1 h after the abdominal Chae et al. , inspiratory-to-expiratory time ratio (I:E ratio; E), and expiratory flow at 50% expired volume (EF50; F). A significant decrease in minute ventilation (B), breathing frequency (C), and I:E ratio (E) was observed for several days after the abdominal incision. (G) There was no difference in body weight between the Incision and the Sham groups. Data are presented as mean ± SD. n = 8 per group. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 versus Baseline, and †P < 0.05; † †P < 0.01 † † †P < 0.001; † † † †P < 0.0001 versus Sham by two-way ANOVA with repeated measured in one factor, followed by Sidak's multiple comparison tests.
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incision (P < 0.0001); this decrease was prevented by epidural administration of bupivacaine (P = 0.7194). One hour after the incision, the mean spike frequency area-under-thecurve /respiratory cycle of the Bupivacaine group was significantly greater than that of the Phosphate-buffered Saline group (P < 0.0001). Spike frequency area-under-the-curve/minute ( fig. 7B ) decreased from baseline after the incision in the Phosphatebuffered Saline group (P < 0.0001), but not in the Bupivacaine group (P = 0.8413). After the incision, the mean spike frequency area-under-the-curve/minute of the Bupivacaine group was significantly greater than that of the Phosphatebuffered Saline group (P < 0.0001).
The mean integrated phrenic neurogram area-under-thecurve/respiratory cycle after the incision was significantly lower compared with the baseline in the Phosphate-buffered Saline group (P = 0.0013), but not in the Bupivacaine group (P = 0.1544; fig. 7C ). The mean integrated phrenic neurogram area-under-the-curve/respiratory cycle of the Bupivacaine group was significantly greater than that of the Phosphate-buffered Saline group (P < 0.0001) after the incision.
The mean integrated phrenic neurogram area-underthe-curve/minute significantly decreased from baseline after the incision in the Phosphate-buffered Saline group (P < 0.0001), but not in the Bupivacaine group (P = 0.1382; fig. 7D ). One hour after the incision, the mean integrated phrenic neurogram area-under-the-curve/minute of the Bupivacaine group was significantly greater than that of the Phosphate-buffered Saline group (P < 0.0001). 
. Ventilatory parameters after gastrocnemius incision (G-Incision group) versus sham incision (Sham group). (A-E)
Ventilatory parameters measured using the whole-body plethysmography system included minute ventilation (A), breathing frequency (B), tidal volume (C), inspiratory-to-expiratory time ratio (I:E ratio; D), and expiratory flow at 50% expired volume (EF50; E). (F) There was no difference in body weight between the Incision and the Sham groups. Data are presented as mean ± SD. Sample sizes are given in (A). **P < 0.01; ***P < 0.001; ****P < 0.0001 versus Baseline, and †P < 0.05 versus Sham by two-way ANOVA with repeated measured in one factor, followed by Sidak's multiple comparison tests. BL, baseline. Chae et al.
Phrenic Inhibition after Upper Abdominal Surgery
As shown in figure 7E , the mean central respiratory rate after the incision was significantly lower than baseline in the Phosphate-buffered Saline group (P = 0.0044); on the other hand, central respiratory rate after the incision was not significantly different from baseline in the Bupivacaine group (P = 0.9016).
The baseline-normalized inspiratory-to-expiratory duration ratio value after the incision was significantly lower than baseline in the Phosphate-buffered Saline group (P < 0.0001), but not in the Bupivacaine group (P = 0.7683; fig. 7F ). After the incision, the mean inspiratory-to-expiratory duration ratio of the Bupivacaine group was significantly greater than that of the Phosphate-buffered Saline group (P < 0.0001).
In summary, the epidural injection of bupivacaine or phosphate-buffered saline ("Post-Epidural" in fig. 7 ) did not affect the baseline parameters analyzed. Thoracic epidural anesthesia with 0.5% bupivacaine prevented the decrease in phrenic motor output after upper abdominal incision. Of note, the acute change in normalized phrenic motor output 1 h after incision in the Phosphate-buffered Saline group ( fig. 7 ; Protocol D) was similar to those recorded in Protocol A (fig. 3) . Raw (nonnormalized) data for each parameter are provided in Supplemental Digital Content 3, http://links.lww.com/ALN/B742. Data from the two rats with the improperly positioned epidural catheters are shown in Supplemental Digital Content 4, http://links.lww.com/ALN/B743.
Protocol E: The Effect of Epidural Bupivacaine versus Phosphate-buffered Saline on Ventilatory Parameters after the Upper Abdominal Incision
Minute ventilation of the Bupivacaine group was significantly greater than that of the Phosphate-buffered Saline Fig. 7 . The effect of epidural bupivacaine (Bupivacaine group, n = 8) versus Phosphate-buffered Saline (PBS group, n = 10) on efferent phrenic nerve activity before and after the upper abdominal incision (Protocol D). (A-F) Neither epidural phosphatebuffered saline nor bupivacaine had any effect on baseline phrenic nerve activity (Post-Epid). After the abdominal incision (Postop), a significant decrease in spike frequency area-under-the-curve (AUC)/respiratory cycle (A), spike frequency AUC/ minute (B), integrated phrenic neurogram (∫Phr) AUC/respiratory cycle (C), ∫Phr AUC/minute (D), central respiratory rate (E), and inspiratory-to-expiratory duration ratio (T I :T E ; F) was observed in the PBS (control) group, but not in the Bupivacaine group. Data are presented as mean ± SD. **P < 0.01; ****P < 0.0001 versus Baseline, § §P < 0.01; § § §P < 0.001; § § § §P < 0.0001 versus PostEpid, and † † † †P < 0.0001 versus PBS by two-way ANOVA with repeated measured in one factor, followed by Sidak's multiple comparison tests. Post-Epid, post-epidural injection.
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group on postoperative day 1 (P = 0.0086; fig. 8A ). While the mean breathing frequency of the Phosphate-buffered Saline group decreased from baseline on postoperative day 1 (P = 0.0083), the Bupivacaine group did not change before and after the incision (P = 0.9910; fig. 8B ). On postoperative day 1, baseline-normalized breathing frequency of the Bupivacaine group was significantly greater than that of the Phosphate-buffered Saline group (P = 0.0046).
There was no significant main effect or interaction for tidal volume (fig. 8C) . The mean inspiratory-to-expiratory time ratio (fig. 8D ) of the Bupivacaine group was significantly greater than that of the Phosphate-buffered Saline group on postoperative day 1 (P = 0.0008). There was no significant main effect or interaction for expiratory flow at 50% expired volume ( fig. 8E ).
Since minute ventilation and tidal volume values were normalized for body weight, we analyzed body weight throughout the testing period ( fig. 8F ). There was no significant difference in body weight between the groups or between before and after the incision. Therefore, the difference found between the Bupivacaine and the Phosphate-buffered Saline groups in minute ventilation data ( fig. 8A) was unlikely due to different weight gain profiles between the groups.
In summary, thoracic epidural anesthesia with 0.5% bupivacaine administered 1 day after upper abdominal incision eliminated the decrease in minute ventilation, breathing 
discussion
The results of the current study provide direct evidence that afferent inputs from an upper abdominal incision induce reflex inhibition of phrenic motor activity. Upper abdominal incision also reduces ventilatory parameters measured by the whole-body plethysmography system. The effects of upper abdominal incision on both phrenic nerve recordings and ventilatory parameters are greatest on postoperative days 0 and 1 and improve through postoperative day 10.
Efferent Phrenic Nerve Activity and Ventilation
Our results indicate that decreased efferent phrenic nerve activity after upper abdominal incision was not accompanied by any increase in the central respiratory rate, which theoretically could have exerted a somewhat compensatory effect. Rather, upper abdominal incision caused a significant decrease in the central respiratory rate as well, further contributing to the decrease in the spike frequency area-under-the-curve/ minute and the integrated phrenic neurogram area-underthe-curve/minute. Moreover, inspiratory-to-expiratory duration ratio was significantly decreased after incision, limiting the duration of the phrenic inspiratory burst.
In accordance with decreased inspiratory-to-expiratory duration ratio observed in the phrenic nerve activity, inspiratory-to-expiratory time ratio measured using the wholebody plethysmography system was significantly decreased from baseline after the upper abdominal incision. Tidal volume of the Incision group was not different from the Sham group, indicating that the postoperative decrease in minute ventilation was primarily due to the decrease in breathing frequency, in accordance with decreased central respiratory rate.
The effects of incision on nerve recordings and ventilatory parameters were consistent between the protocols in the present study. Ventilatory parameters measured after laparotomy in the unanesthetized rats are likely to be affected by various factors, such as diaphragmatic function, function of the other thoracoabdominal respiratory muscles, upper airway patency, and the presence of pain. Given that phrenic nerve is the sole motor supply to the diaphragm, the reduced phrenic activity by upper abdominal incision will translate to postoperative diaphragmatic dysfunction and therefore to ventilatory impairment, since the diaphragm contributes 70 to 90% to tidal breathing. 20, 21 Previous Preclinical and Clinical Studies Reduced phrenic motor activity after upper abdominal incision observed in the current study is in line with previous animal studies demonstrating diaphragmatic dysfunction after abdominal surgery. 14, 22, 23 Impaired diaphragmatic function after upper abdominal surgery has been shown in previous human studies using various techniques. [8] [9] [10] [11] [12] [13] 24 Our result is consistent with a previous clinical and preclinical studies that reported a significant decrease in the inspiratory portion of the breathing cycle after upper abdominal surgery. 23, 25, 26 In human subjects, an increase in breathing frequency with a decrease in tidal volume is commonly observed after upper abdominal surgery. 13, 25, 27, 28 On the contrary, the results of the present study showed a decrease in breathing frequency following the upper abdominal incision in rats. Given that the only analgesics that the animals received was ketoprofen at a dose of 5 mg ⋅ kg -1 ⋅ day -1 , which has a minimal respiratory effect, it is unlikely that the observed decrease in breathing frequency was due to the side effect of the analgesics. Moreover, while the rats that underwent gastrocnemius incision received the same analgesic regimen, an increase in minute ventilation without any significant change in breathing frequency was observed in these animals. This finding also suggests that the decrease in breathing frequency observed after the upper abdominal incision is more likely to be a site-specific phenomenon, rather than a nonspecific or generalized systemic effect of an incision. Decreased breathing frequency after abdominal surgery has also been demonstrated in other rodent species, such as mice and rabbits. 29, 30 On the other hand, an increase in breathing frequency has been shown in the larger animals, such as dogs and horses. 22, 23, 31 It is possible that the respiratory phenotypes of these larger species more closely resemble those of humans. There may exist various anatomical and functional differences between humans and rodents. The mechanisms underlying these interspecies differences remain to be elucidated, and some caution should be applied when extrapolating data from the rodent models to humans. Nevertheless, our results demonstrated that the decreased breathing frequency after the upper abdominal incision was significantly reversed by thoracic epidural block, and this finding supports that the changes in the ventilatory parameters most likely represent impairment induced by the abdominal incision. Therefore, our model of upper abdominal incision may PAIN MEdICINE provide an attractive alternative to the larger species, considering its cost-effectiveness, ease of handling, and the feasibility to amass large sample sizes.
Afferents Mechanism of Reflex Inhibition of Phrenic Motor Output
Since the model used in the present study involves full-thickness incision on one side of the abdominal wall, any afferent nerves supplying or passing through the incised area could have played a role mediating this reflex inhibition. In previous studies, direct stimulation of the afferent nerves innervating abdominal muscle and parietal peritoneum using electrical or chemical stimuli was shown to decrease phrenic nerve activity and diaphragmatic function, [32] [33] [34] [35] suggesting a potential role of these afferents mediating inhibition of phrenic motor output. Given the anatomical proximity of the abdominal incision to the diaphragm, phrenic afferent nerves innervating diaphragm and adjacent peritoneum may have played a role as well. [36] [37] [38] The upper abdominal incision model used in the current study did not involve any visceral manipulation, and our results indicate that visceral injury was not necessary to induce inhibition of phrenic motor output. However, it is possible that surgeries that involve significant trauma to the visceral organs may contribute to a further decrease in phrenic activity. [39] [40] [41] The relative contribution of different types of peripheral afferent nerves from the abdominal wall and viscera toward this inhibitory neural reflex is yet to be determined. Unilateral abdominal incision resulted in the bilateral impairment of phrenic output, implying the existence of the afferent or efferent pathways crossing to the contralateral side. Future studies involving focal lesioning at multiple different levels of the nervous system may help elucidate the neural circuits involved in this inhibitory reflex.
Previous clinical studies have shown that various indices of diaphragmatic dysfunction after upper abdominal surgery improved 50 to 100% by thoracic epidural anesthesia up to T4 segment with 0.5% bupivacaine. 12, 13 These findings suggested that reduced conduction of afferent and efferent signals at the level of spinal roots at least partially reversed diaphragmatic dysfunction. Relaxation of abdominal wall muscle tone from motor blockade by epidural local anesthetic and a consequent shift of the workload from the abdominal wall to the diaphragm also have been proposed as mechanisms underlying improvement of postoperative diaphragmatic dysfunction after epidural local anesthesia. 12, 13, 42 In the current study, 0.5% bupivacaine was administered via the epidural catheter, which was expected to block signals from the injured abdominal wall, [43] [44] [45] and prevented the decrease in phrenic motor output after the upper abdominal incision. These results provide evidence supporting reflex inhibition of phrenic motor output and/or pain as the contributor(s) to postoperative changes in ventilatory mechanics and diaphragmatic function. Relaxation of muscle tone from motor blockade is an unlikely mechanism by which thoracic epidural anesthesia improved phrenic motor output, given that the animals were kept paralyzed with rocuronium throughout the protocol, both before and after administration of epidural bupivacaine.
The relative contribution of pain to the postoperative ventilatory impairment remains unknown. Pain scores were not reported in the aforementioned clinical studies that demonstrated an improvement of diaphragmatic function by epidural anesthesia. 12, 13 In a study evaluating the effect of parietal analgesia, continuous preperitoneal infusion of 0.2% ropivacaine not only reduced diaphragmatic dysfunction, but also decreased pain scores during activity after abdominal surgery. 46 On the other hand, epidural analgesia with opioids and without local anesthetics did not significantly improve diaphragmatic dysfunction despite reduced pain, 10, 47 suggesting that decreasing the perception of pain per se may not be sufficient to block the reflex inhibition of diaphragmatic function. Perhaps the afferent signal threshold for perception of pain is higher than that for reflex inhibition of phrenic motor output, and these two phenomena could be differentiated under some circumstances. The effect of thoracic epidural block using dilute local anesthetics, at the concentrations that are typically used to decrease pain during the postoperative period (for example, bupivacaine 0.05 to 0.125%), on reflex inhibition of phrenic activity and diaphragmatic function is unknown. Optimal blockade of the afferent signals from the incision to eliminate reflex inhibition of phrenic activity may require higher concentrations of local anesthetics than those that are typically used for postoperative care. These high concentrations of local anesthetics may be impractical for postoperative use due to the side effects that could delay functional recovery, such as lower limb motor weakness, hypotension, urinary retention, and motor blockade of intercostal muscles.
Diaphragmatic dysfunction is believed to be important in the genesis of postoperative pulmonary complications, 48, 49 and there is a need to develop more effective clinical strategies that will prevent or reverse postoperative diaphragmatic dysfunction and adverse respiratory events. [50] [51] [52] [53] Further research to determine the potential receptors and the afferent nerves that mediate reflex inhibition of phrenic activity is warranted, since understanding of the afferent mechanisms will allow us to develop effective strategies to prevent and treat diaphragmatic dysfunction after upper abdominal surgery. It is our expectation that our model will play a complementary role to the human studies as part of this research endeavor, by allowing us to employ various approaches that cannot be used on human participants.
